Abstract. As part of work in the US on free flowing liquid surfaces facing the plasma, we are studying issues of integrating a liquid surface divertor into a configuration based upon an advanced tokamak (ARIES-RS) with the flow of the liquid first wall of molten salt Flinabe (Li, Na, Be fluorides) continuing to become the divertor. We present the design and thermal performance and issues in design integration such as the interactions with the plasma edge. Sn and Sn-Li have also been considered, although the complicated 3-D MHD flows cannot yet be fully modeled.' We adapted the mechanical configuration of ARIES-RS2[6,7j to incorporate a liquid surface first wall (FW) and divertor and a liquid blanket but also specified a fbsion power of 3840 M W , alpha power of 767 MW and auxiliary power of 142 MW to study a design with higher heat loads than ARIES-RS. Fig. 1 shows the 2cm-thick flowing first wall stream3
Flinabe is a mixture of lithium, beryllium and sodium fluorides and has similarities to Flibe. We assume the heat transfer properties of Flinabe are those of Flibe. Flinabe's lower melting point (still an open question) extends the window of operating temperature enough that a workable design appears possible. We began this design with some skepticism since molten salts generally have poor thermal conductivity and good thermal conductivity would seem to be an apriori requirement for any first wall and divertor material.
We adapted the mechanical configuration of ARIES-RS2[6,7j to incorporate a liquid surface first wall (FW) and divertor and a liquid blanket but also specified a fbsion power of 3840 M W , alpha power of 767 MW and auxiliary power of 142 MW to study a design with higher heat loads than ARIES-RS. ' APEX is the Advanced Power Extraction Study and ALPS is the Advanced Limiterdivertor Plasma-facing Systems Study.
' ARIES-RS is a 2170MW D/T conceptual power plant design with 16 TF coils, a major radius of 5Sm, an aspect ratio of 4, a plasma current of 1 IMA, density of 2~1O''m'~, alpha power of 433MW and total power exhausted into the scrape-off layer or (and) radiated of 532MW. [6.7] ' Neil Morley and others at UCLA introduced the idea of a thin flowing first wall with a sccondary flow strcam for the blanket in APEX by their "Conccpt for a Li Flowing First wall" or CLIFF.
introduced from an array of "self shielding" nozzles[4] that have no direct line-of-sight from the plasma. The FW flows on a substrate that is the wall of a blanket that contains a slower flowing liquid breeder (Flibe or Li-Pb). A drain duct in each sector of the torus collects fluid flow and is a particle exhaust port. Our current design for the divertor has a solid deflector upstream of the strike point. This deflector separates the toroidally continuous FW flow into one stream for each sector, promotes thermal mixing and increases the turbulence and directs the stream into the exhaust duct. The Smm-thick deflector is made of a copper alloy clad in ferritic steel to match other structure. An altemate design is a deflector of advanced (low activation) ferritic steel with internal coolant passages fed by an auxiliary coolant stream that could be exhausted into the divertor.
Radiating a high fraction of the particle power is essential for the design approaches described here. Plasma edge modeling by Rognlien and Rensink[4, 5, 8, 9] with the 2D UEDGE code provides particle loads and the power deposition profiles in the divertor. Vaporization fiom the liquid surfaces, the primary source of plasma impurities, depends exponentially upon temperature, so there is a narrow range in which the impurity generation rate changes from low to unacceptable. For Flibe (or Flinabe) , the penetration into the plasma of F, the most dangerous core-contamination component of Flibe, occurs after the breakup of evaporated molecules that produce neutrals with velocities much greater than those associated with evaporation. The UEDGE modeling is complemented by that of Brooks In our reactor chamber design, 767 MW goes to the first wall Erom both core and edge radiation, and 144 MW goes to the divertor as radiation or deposited particles. Figure 2 shows a stable solution of the model for 480 MW of convected power from the core that corresponds to our reference design. This extremely pleasing result, with a stable and highly radiating plasma edge, is the basis for our divertor design with a modest peak heat flux of -10 MW/m2. An important caveat regarding the plasma edge modeling is that the stability of such highly 0-7803-7908-)[/03/$17.00 02003 IEEE radiating edge-plasmas. An operating window exists, but outside this window, the edge impurities can either lead to a radiation collapse of the core, or become ineffective in the edge and allow a large particle heat-flux to reach the divertor.
Liquid surfaces present several intriguing issues with regard to pumping that are described in our longer paper [4] . Although the applications for trapping impinging DIT or He ions are quite speculative at this time, the underlying ideas do have good scientific bases. Here are two examples. (I) In a reactor with Li walls that strongly pumped D and T (very low recycling), one might expect plasmas with very high edge temperatures that in turn affect the plasma performance and power balance. (2) With a continuing strong flux of H or He into the liquid surface, the liquids may trap H or He through the creation and growth of tiny bubbles, whereas this would not occur at lower fluxes. This prospect might lead to designs in which the pumping port used for evacuation of the vessel need not be close to the edge of the plasma.
Our ' design[4] uses "conventional" pumping through the bottom ducts in which the draining fluid occupies only a small portion of the cross section. The ducts provide adequate conductance for the modeled D/T throughput and pressure in the divertor of -3 mTorr based on a simple conductance estimate. (A better estimate of the pumping could be obtained with a Monte Carlo calculation for our divertor configuration and a specified plasma edge condition.) The pumping of He was judged adequate based on the 2-D modeling of He density in a high recycling divertor, which we assume for Flibe, Flinabe and liquid Sn, and adequate pumping of the DR.
However, our assertion that the pumping conductance is adequate for a high recycling divertor must be quaIified in regard to both the control of pumping and the condition of high recycling. The plasma edge modeling solution for the desired power balance in our design was achieved without gas puffing at the edges and with high recycling but very low throughput. We can anticipate that such a solution might be sensitive to "excess pumping" in the divertor. Since this is the nth-of-a-kind power plant, we assume that the proper pumping balance has been achieved. exposure is the reason that relatively high peak heats loads can be considered with liquid surface divertors. With moderate peak heat loads, fluids with relatively poor thermal conductivity, such as FIinabe, can be considered; more specifically, since there are minimal MHD effects due to the low electrical conductivity, turbulent heat transfer partially mitigates the disadvantage of low thermal conductivity. 
mm.). Deflector A
lies 011 the flux surface and by making its arc shorter or longer, the stream can be redirected over a range of angles. Three such streams from Deflector A cross the separatrix at points 1, 2, or 3. Deflector B is lower. One of its streams also crosses at point 2, but at a higher angle (-45") . Tilting the target can spread the heat over a larger area but this spread also depends on the flux expansion, which decreases from Point 1 to Point 3. Position 1 has the lowest value of the temperature rise factor, d(sin(O)/flxp)', for any given angle of the deflected flow, but Position 3 cm have the lowest factor overall because that position can attain the smallest target angie. [4] In evaluating the heat removal in the single null Flinabe divertor, we apply a flat profile with a peak heat flux of 10.6 MW/m2 that approximates the heat distribution from the plasma edge modeling (Fig. 4) and is the sum of the uniformly radiated heat flux of -3 MW/m2 plus the average of 7.6 MW/m2 over the peak. The heat penetrating the surface is first being absorbed into the heat capacity of the thermal boundary layer as the thermal gradient develops and then conducted deeper into the stream. Although there is some
Smolentsev calculated6 the temperature rise in the divertor for this heat load and a Flinabe stream entering at 420°C and flowing at 10 d s (Fig. 5) . [4, The temperature rises rapidly within a short distance due to the high heat flux and generally poor thermal conductivity of the Flinabe. The rise in temperature is about 135°C. This, added to the bulk temperature of 420°C leaving the first wall, gives a peak of about 555°C. This is higher than the allowable temperature of 510°C for the first wall, but is acceptable in the divertor where there is more shielding of impurities from the main plasma. In these results, the turbulence builds up in the layer adjacent to the deflector then drops after the flow leaves the deflector. Figure 6 shows the rise in surface temperature along the flow stream for cases with the peak heat load beginning at 0.05, 0.10, 0.15 or 0.20 m from the exit of the deflector. The peak temperature is greater as the strike point gets further from the deflector. The initial temperature rise, due to "preheating" from the 3 MW/m2 before the strike zone, dominates for the cases shown, but the contribution from the decay in the turbulence becomes increasingly important. The implication for our design is that the strike point should be within 0.15-0.2 m from the deflector to take advantage of the turbulence introduced in he deflector.
ADDITIONAL FEATURES
Previous Figure 1 includes several 3-D drawings of the outer deflector that indicate features associated with some of the following important functions: redirect first wall flow into duct (curve); align flow (fins); smooth surface of stream (finish); edges receding from plasma (shape); and flowlspray cools duct and exposed walls (auxiliary stream).
The rise in surface tcmpcrature for a (semi-infinite) solid target is thc wcllknown equation, T=qlkd(lttin) . While we expect most of the objectives above to be straightforward in a detailed design and engineering of the divertor, the smoothness of the surface of the stream and the conformity to the ideal location cannot be confirmed without testing, or at least, detailed computational fluid dynamic calculations. Space here does not permit an extended discussion of various points covered elsewhere. Several items, such as the shaping of the stream to avoid a "leading edge problem" at the sides, heating and cooling of the deflector, and provision for cooling of areas of the divertor and shield are described further in our longer paper [4] and in the Future R&D Section of another paper [5] .
CLOSING REMARKS AND ACKNOWLEDGEMENTS
Ow hope is that advances in the design of power plants and control of plasmas can produce stable plasma configurations with suficient radiation from the main plasma and from preferential sites in the piasma edge that the peak power to the divertor can be dose to or lower than 10MWlm'. While there are many unanswered questions and directions of investigation that would be important in advancing the divertor design, OUT preliminary design work suggests that tractable solutions for a divertor with a flowing molten salt could be developed along the lines of the approach reported here.
A goal of the APEX and ALPS Programs is to investigate h e potential of free liquid surfaces in fusion chamber technology with a sufficient level of effort that the design issues can be resolved and an accurate assessment of this potential can be understood. We are supported by the APEX and ALPS Teams and a significant commitment by the Department of Energy's US Fusion Energy Science Program that has enabled us to utilize diverse expertise in plasma edge modeling, advanced mechanical and systems design, and heat transfer.
